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Building a sustainable future requires new, accessible, economic, and ecological methods of preparing nano-
stiuctured materials used in biomedical and environmental applications. In this work, a detailed study on the
electrodeposition process of CoNi in a biocompatible deep eutectic solvent (DES) is presented. Alloy plating
performed in choline chloride within a urea-based DES allowed us to tailor elemental compositions, morphol-
ogies, and size of the deposits based on the plating conditions. Homogeneous, continuous, and needle-shaped
deposits were characterized using electrochemical methods and ex-situ characterization techniques. Although
the process’s electrochemical behavior corresponded to that of normal deposition, applying the most negative
potentials produced a co-reduction of the solvent, which favored the incorporation of oxygen species into the
deposit. Given the materials’ nature, morphology, and composition tailored to the high active surface, the ma-
terials were tested as platforms to activate the formation of sulfate radicals from the peroxomonosulfate salt.
Results related to the proposed material and preparation method were promising, as, confirmed by the high
effectiveness in degrading the antibiotic tetracycline. Altogether, the work showcases a versatile, environmen-
tally friendly route for electrodepositing CoNi in DESs to yield a proactive tool for developing of platforms with
catalytic potential.

Sulphate radical

1. Introduction be good candidates as non-precious catalysts whose versatility allows to

promote favorable conditions in different types of processes [5,6,8].

Ferromagnetic materials have always had wide ranging applications
given their properties that make them multifunctional. Whereas older
applications were largely decorative, or protective due to the materials’
high resistance to corrosion, they have more recently been incorporated
into microelectromechanical systems, in which their inherent soft-
magnetic character provides a rapid response to magnetic fields and
their durability gives devices long lifetimes of use [1-4].

In past years, the intense rise of developments involving heteroge-
neous catalytic processes has galvanized the search for new materials
that behave similarly to traditional catalysts. However, considering the
conventional incorporation of high-cost precious or rare metals in
traditional catalysts, the objective has been to identify more abundant
materials that can achieve similar efficiency but in a more economical
way [5-7]. To that end, ferromagnetic-based materials have proven to

Although applications of ferromagnetic-based materials, especially
nickel-based ones, have been consolidated in the production and accu-
mulation of energy, as well as extended to electrochromism due to their
capacity for optical modulation, they continue to regularly expand [9,
10]. Among the ferromagnetic materials, cobalt-nickel (CoNi) alloys are
versatile alloys widely used in energetic materials, magnetic materials,
catalytic materials, and decorative coatings given their outstanding
performance in light absorption, magnetism, catalysis and high resis-
tance to corrosion [11-15]. Among the procedures for preparing CoNi
alloys, electrodeposition provides a strong, powerful method to syn-
thesize defined alloys using simple and inexpensive equipment to
modulate the composition by tailoring the electrodeposition conditions
[3,11,16-18].

To date, the electrodeposition of CoNi has been developed in
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aqueous baths using electroactive salts based on chloride, acetate, or
sulfate compounds. Although aqueous media provide a sufficient elec-
trochemical window, activity towards the hydrogen evolution reaction
(HER) of both metals, and consequently their alloys compromises the
quality of the obtained deposits due to the simultaneous hydrogen’s
codeposition [11,18-20]. To minimize this side-effect, essential addi-
tives are usually necessary to modify the electrodeposition process and
achieve the desired coating quality. Some such additives are organic
species that require severe concentration control to ensure the bath’s
stability and may be dangerous for the environment [14,21]. Moreover,
anomalous CoNi codeposition in aqueous media involves preferentially
depositing the less noble metal (i.e., cobalt), thereby forcing the use of
high Ni(IT):Co(II) concentration ratios in order to prepare deposits with
high nickel content. Beyond that, using aqueous media generates large
amounts of polluting wastewater that subsequently has to be recycled
[3,14,15,17-19].

In response to the inherent drawbacks of CoNi alloy deposition in
aqueous media, efforts to replace the method remain ongoing, especially
with sustainable and economical media able to overcome hydrogen
formation and losses of efficiency and circumvent the use of toxic
chemicals. After several attempts using expensive, unwieldy room
temperature ionic liquids (RTIL) in the last decade, a proposal was made
to use deep eutectic solvents (DES), solvent—electrolyte media consisting
of quaternary ammonium salts mixed with a hydrogen bond donor
[22-25]. DESs are insensitive to moisture or air, exhibit good conduc-
tivity, chemical and thermal stability, and an electrochemical window
larger than water’s [26]. Moreover, DESs are easy to prepare, environ-
mental friendly, biodegradable, and affordable, all of which make them
suitable for research involving electrodeposition [6,8,27-29]. However,
since 2012, few attempts have been made to evaluate CoNi electrode-
position using either RTIL-choline chloride mixtures or a true DES, and
all deposition processes were studied under restricted conditions that
did not afford an overall picture of the process [16,21,24,30-33].

This work is devoted to gain knowledge of CoNi deposition in DESs
and to identify the influence of different electrodeposition parameters in
the overall concentration range. First, in order to deepen the under-
standing on the electrochemical behavior, glassy carbon was selected as
electrode to allow a straightforward investigation of the electrodeposi-
tion processes and to transfer the results to more complex substrates.
Considering that our final application purpose is the use of the CoNi
alloy in different heterogeneous catalytic processes, the process was
characterized on Si/Ti/Au substrates. The objective is to evaluate the
possible contribution of the electrodeposition conditions to the
enhancing of the effective surface, a factor thart, after its catalytic power,
must be taken into account for a catalyst.

The selected DES was the one formed by the mixture choline chloride
and urea (CU) in a 1:2 molar ratio (previously used for the electrode-
position of single ferromagnetic metals) [25,29,34]. Due to the nature of
its constituents, it is relatively easy to maintain the system in anhydrous
conditions. Minimizing the incorporation of water is important because
its presence can be detrimental for the final quality of the deposit. CU isa
relatively common high viscosity DES, which can slow down transport
processes, thus favoring an increase of the roughness of the prepared
deposit in certain conditions [2,35,36].

CoNi deposition was analyzed under different conditions of elec-
trodeposition. Four concentration ratios [Co(ID]/[(Ni(II)] were
analyzed with cyclic voltammetry, voltammetric-potential hold, and
potentiostatic techniques in a wide range of applied potential. The
samples were characterized in order to gain the information needed to
establish the behavior of the electrodeposition process and evaluate the
characteristics of the deposits as a function of the process’s conditions.
The morphology of the deposits was characterized by field emission
scanning electron microscopy (FE-SEM). The compositional analysis was
examined by electron dispersive microscopy (EDS), X-ray photoelectron
spectroscopy (XPS) and induced coupled plasma (ICP) — mass spectros-
copy (MS). Some of the deposits prepared were also structurally
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Table 1
Composition of baths analyzed.
Plating bath Identification CoCl; /M NiCl, /M
1 7Co10Ni 0.07 0.1
2 10Co7Ni 0.1 0.07
3 14Co3Ni 0.14 0.03
4 3Co14Ni 0.03 0.14

characterized by X-ray diffraction (XRD). The work also investigates the
possible effect of solvent’s co-reduction on the characteristics of pre-
pared deposits.

As a concept probe, the prepared substrates were tested as tools for
activating a reagent capable of generating effective oxidative radicals—
in this case, peroxomonosulfate (PMS) —that can participate in
oxidizing complex organic molecules [37-40]. These results have the
potential to open a new field of application for CoNi materials in pro-
cesses for degrading recalcitrant organic pollutants.

2. Experimental

Electrochemical experiments were performed in a thermostatized
three-electrode system. The reference electrode was Ag|AgCl|Cl moun-
ted in a Luggin capillary containing the DES, while the counter electrode
was a platinum spiral. The counter platinum spiral was immersed in a
concentrated nitric acid solution, cleaned by flame annealing, and, once
cooled, immersed in the solution. Two working electrodes were used: a
glassy carbon (GC) rod (0.0314 em?), and flat silicon pieces with a seed
layer containing Ti (15 nm) and Au (100 nm), hereinafter called "Si/Ti/
Au" (0.30 cm?). The Au layer acts as a seed layer to improve conductivity
and facilitate the nucleation of co-deposits. The glassy carbon electrode
was polished to a mirror finish with alumina of different grades (3.75
and 1.87 pm; VWR Prolabo), cleaned ultrasonically for 2 min in water
treated with the Milli Q system, and dried with nitrogen prior to im-
mersion in the solution. The Si/Ti/Au pieces were cleaned exhaustively
with ethanol and acetone, and electrochemical measurements were
performed using an Autolab with PGSTAT30 equipment and GPES
software.

The DES was prepared using choline chloride (ChCl, Across Or-
ganics) and urea (Merck) both reagents of analytical-grade. ChCl was
dried in an oven at 70 °C for 48 h and placed in a desiccator, after which
the DES was prepared by mixing amounts of ChCl and urea in a 1:2 ChCl:
urea molar proportion, warmed at approximately 50 °C, and stirred
continuously until becoming a colorless liquid typical of DES [41,42].
The liquid was maintained overnight under vacuum, stirring, and
heating conditions (T < 50 °C) to reduce the water content until the
optimal potential window was achieved. Prior to preparing the elec-
troactive solutions, CoCl; hexahydrate from Alfa Aesar and NiCly
hexahydrate from Merck, both of analytical grade, were dried at 105 °C
for 24 h until dehydration. To dissolve the Co(ll) and Ni(ll) salts in the
DES, the mixture was stirred and heated at approximately 50 °C over-
night and subsequently kept in an argon atmosphere. Four solutions
with different [Co(II)]/[Ni(I)] ratios were prepared in which the total
concentration of the electroactive species was arbitrarily fixed at 0.17
M. The relative molar concentrations are shown in Table 1. The solutions
were deoxygenated with argon before experiments and subsequently
maintained in an argon atmosphere throughout the experiments. Unless
stated otherwise, all experiments were performed on freshly prepared
surfaces, and the solution’s working temperature was kept at 70 °C.

The deposits were potentiostatically prepared using Autolab with
PGSTAT30 equipment and GPES software, with a total circulated charge
of 15 mC and 150 mC for the glassy carbon and Si/Ti/Au substrates,
respectively. The morphology of the samples was analyzed using FE-
SEM (JSM-7100F Analytical Microscope), which incorporates an X-ray
analyzer that allows the compositional characterization of the samples
prepared using the EDS technique operating at 20 kV. The EDS system
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Fig. 1. Cyclic voltammetries recorded at 50 mV s * for the plating bath 1 on
glassy carbon (a) at different cathodic potential limits: —1.17 V (curve 1);
—1.19 V (curve 2); —1.28 V (curve 3); —1.34 V (curve 4); —1.42 V (curve 5);
and —1.50 V (curve 6); (b) at a cathodic potential limit of —1.50 V under sta-
tionary (curve 1) and nonstationary — magnetic stirring (curves 2) conditions.
(c) Cyclic voltammetries for the plating bath 1 on glassy carbon at different
scan rate.
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was previously calibrated using a pure cobalt standard. EDS composi-
tional analysis was performed at a minimum of five points of the sample
considering the center and the corners of the deposit, and the deposit’s
composition was confirmed using chemical analysis. Films were dis-
solved in 1% nitric acid, and the resulting solutions were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS; Perkin-Elmer
spectrometer Elan 6000). The thickness of films was determined using
a 3D optical surface metrology system (Leica DCM 3D). XPS measure-
ments were taken with an XPS system (PHI 5600 Multitechnique,
Physical Electronics) using a monochromatic X-ray source (Al K aline =
1486.6 eV, 350 W). The area analyzed was a circle 0.8 mm in diameter,
and all measurements were made in an ultra-high vacuum chamber. The
compositional profile of the CoNi deposits was obtained by etching by
means of argon ion sputtering up to a few nanometers prior to acquiring
angle-resolved XPS images. MultiPak 8.2 was used to acquire digital
images and to perform peak deconvolution. XRD patterns were recorded
using a X-ray diffraction (XRD, Bruker D8 Discovery diffractometer) in
the Bragg-Brentano configuration, Cu K, radiation (A=0.1542 nm). A 20
scan, between 20 and 100°, was used, with a step size of 0.05 and a
measuring time of 15 s per step. All spectra were collected using Al Ky
radiation (1486.6 eV).

Before characterization, all samples were cleaned thoroughly with
warm water for the time needed to entirely remove the remained DES
residues on the samples.

Tests to assess the suitability of some obtained CoNi deposits for
activating PMS, “Oxone”, which contains (KHSOs 0.5KHSO4
0.5K5504; Merck) as generating oxidative radical species able to degrade
and mineralize tetracycline (TC, Alfa Aesar), were performed at room
temperature, using 3 mL of TC solutions of 20 ppm and PMS concen-
trations of 0.3 mM. TC absorbance was recorded using a UV-1800 Shi-
madzu spectrophotometer, and the associated mineralization was
evaluated by determining the total organic content (TOC) in the solution
(TOC-V¢sy Shimadzu equipment). To gauge the reusability of the most
efficient substrate, the catalysts were reused in 10 consecutive
experiments.

3. Results
3.1. Electrochemical analysis using vitreous carbon substrate

First, for all solutions, voltammetric experiments were performed on
vitreous carbon at different potential limits in order to establish the
general trends of the deposition process. Fig. 1a shows the recorded
cyclic voltammograms from the 7ColONi plating bath conducted at
different negative potential limits. The electrochemical window of the
glassy carbon and DES blank solution (i.e., without the mertallic pre-
cursor) is shown in Fig. S1a. When the cathodic potential limitis-1.17 V,
the recorded current loop in the positive branch (Fig. la, curve 1)
confirms that the bulk deposition of CoNi in DES requires a significant
overpotential to initiate the process, which corresponds to the nucle-
ation and growth process [30,32,43]. The appearance of the oxidation
peak is associated with the oxidation of the deposited product; no other
remarkable oxidation current was observed. Increasing the negative
potential limit, the recorded current develops a clear reduction peak,
which counters the broader and more intense oxidation peak in the
positive scan, involving a larger deposition charge, as expected (Fig. 1a,
curve 2). However, by enlarging the scan to a more negative potential
value, at which more evident peak feature is observed (Fig. 1a, curve 3),
an unexpected and not previously reported result for CoNi deposition in
DES is observed. The recorded oxidation current profile was broader
nonsymmetrical and the involved Quyx/Qyeq ratio diminished consider-
ably by scanning toward a more positive potential incipient oxidation
band, which appeared before the massive oxidation current. Following
the scan further to a more negative potential, a massive reduction cur-
rent appeared, predictably related to the solvent reduction; in addition,
an even more negative cathodic limit lead to a more pronounced
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Fig. 2. Cyclic voltammetries recorded at 50 mV s ! on glassy carbon for the four plating baths described in Table 1.
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Fig. 3. Cyclic voltammetries recorded at 50 mV s * on glassy carbon, with and without voltammetric holds, in the positive scan for (a) plating bath 3 and (b) plating

bath 4.

broadening of the oxidation current and loosening of the Qgy/Qeq ratio
(Fig. 1a, curves 5 and 6).

To extract complementary information on the deposition process, the
influence of solution stirring was investigated. Fig. 1b shows the com-
parison between the voltammograms recorded under stationary condi-
tions (Fig. 1b, curve 1) and agitated conditions (Fig. 1b, curve 2). The
reduction branch shows that, under agitation, the current involved is
greater, corresponding to a mass-influenced process. The most relevant
information, however, resides in the different behavior in the Qux/Qred
current ratio recorded under agitation conditions, for which the clear
decrease in oxidation current is not observed. In addition, experiments
at different scan rates (Fig. 1¢) evidence that, as the scan rates decrease,
the current appearance revealed at more positive potentials for being a
lower current peak. Another feature that can be seen from the recorded
curves is that, as the scanning rate decreases, an incipient splitting of the
reduction peak seems to be detected.

Fig. 2 shows the voltammograms recorded at 50 mV s * from each
one of the baths studied. For the four solutions analyzed a similar vol-
tammetric behavior was observed, specifically: (i) typical nucleation
loop, (ii) favorable influence of solution agitation and (iii) pernicious
effect on the oxidation peak current using scanning limits that promote
the reduction of the medium. Similar voltammetric behavior was pre-
viously reported in the same DES for cobalt- and nickel-free baths but
using a lower cobalt or nickel salt concentration, respectively [29,44].
For each solution, the appearance of the voltammetric current was a
function of the composition, as the content of Co(II) in the solution

increases the onset of the reduction current was delayed to more nega-
tive potentials.

To electrochemically characterize the deposit formed during the
voltammetric scan, experiments involving voltammetric holds in the
positive scan were performed. The chosen experiment consists in stop-
ping the scan for a controlled time at a potential value in the range of the
oxidation peak, after which the scan is continued. The comparison be-
tween the voltammetric response involving a potential hold with respect
to a normal potential scan provides information about the type of de-
posit formed (Fig. 3). At first, holding potential experiments were per-
formed in which the potential was reversed in short limits after the
nucleation, from which the deposit mainly was formed during the loop.
The results show that by stopping the scan, even in the rising part of the
oxidation peak, the recorded current profile shows inappreciable values,
indicating that complete oxidation has occurred (Fig. 3a).

For voltammetric experiments in which the scan was reversed after
the peak, but prior the main reduction of the solvent, holding the po-
tential at the beginning of the oxidation peak for a relatively short time,
8 and 15 s (Fig. 3b), resulted in a progressive decrease of the oxidation
peak intensity (peak potential moves slightly and the width of the peak is
reduced). As a consequence, the current becomes almost zero at less
positive potentials. Prolonging the oxidation time to 2 min, it is observed
that only residual current is recorded in the potential range of the
oxidation peak, and no new features appeared at more positive poten-
tials. These results seem to indicate that a single homogeneous system as
a solid solution, is formed, although this must be confirmed by the
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Fig. 4. Chronoamperometric transients of the CoNi deposition on glassy carbon
from plating bath 3 at different applied potentials.

posterior structural characterization. The same behavior was observed
in all four plating baths.

Potentiostatic experiments were performed, increasing the potential
from a value at which no-process is done to different potentials at which
codeposition takes place. For all the baths, the applied potential values
were selected from the previous voltammetric results. The recorded
current confirms the nucleation and 3D growth process, as a current
peak emerges in the profile whose maximum appears earlier and reveals
the more negative potential (Fig. 4). However, to overcome the
maximum, in the curved recorded from the most negative potentials, it is
observed that some other factor, other than mass transport, also con-
tributes to the current decrease. The drop-in current is abrupt; further, at
longer deposition times the current value is greater than that corre-
sponding to the monotonical diminution observed at the less negative
potentials. This behavior matches well with the progressive diminution
in the recorded oxidation current observed in voltammetric experiments
in which, at sufficient negative potential range, some new reduction
processes lead to hindering the deposit’s growth and oxidation ability.
No other interpretation could be advanced due to the deposition process
involving cobalt and nickel, which exhibit dissimilar electrochemical
behavior.
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3.2. Electrochemical study using Si/Ti/Au substrate

To analyze the possible influence of the substrate’s nature on the
deposition process, voltammetric curves on Si/Ti/Au pieces were
recorded extending the scan even to potentials corresponding to the
massive DES reduction, for comparison with that obtained from the
vitreous carbon substrate. As shown in Fig. S1b, the electrochemical
window of Si/Ti/Au in DES was considerably shorter than that on glassy
carbon. On the Si/Ti/Au substrate, the appearance of the reduction
current is slightly advanced; further, the semiconductor character of the
main layer is compensated by the seed gold layer’s presence. A vol-
tammetric behavior similar to that recorded on vitreous carbon was
observed, noting a specific potential range from which pernicious sec-
ondary reactions take place, an effect minimized under stirring condi-
tions (Fig. S2).

For all four baths, the different current-time (j-t) transients recorded
on Si/Ti/Au substrate, show at stationary conditions a similar behavior
to that observed on vitreous carbon, in which the slope of the j-t tran-
sient increases and peak maximum appears at short times when the
applied potential was made more negative. In order to check the influ-
ence of mass transfer, experiments were performed in which the solution
was stirred by moderately flowing argon gas after a deposition period
(Fig. 5). In these conditions, the sudden current increase was recorded, i.
e., a current that maintained in quasi-constant value, corresponding to a
process in which the contribution of electroactive species is relevant.

3.3. Electrodeposition of CoNi nanostructured films

For each of the four baths studied, electrodeposited films were pre-
pared on both vitreous carbon and Si/Ti/Au substrates in a specific
range of potentials depending on the bath. Continuous agitation of the
electrolyte allowed avoiding possible compositional gradients
throughout the deposit’s thickness.

Compositional analysis carried out using the EDS technique on the
films obtained from the same solution (Table 2) shows that the atomic
cobalt content is highly dependent on the electrolyte nature. ICP-MS
analysis confirmed the compositional results, which were slightly
higher than the ones obtained by EDS analysis but nevertheless revealed
a similar tendency. Indeed, the CoNi electrodeposition process corre-
sponds to a normal electrodeposition process in DES, while the less noble
metal is preferentially deposited in an aqueous medium.

The current efficiency (CE) depends as much on the relative ratio of
cobalt and nickel as on the applied potential. In our study, the baths with
a higher concentration of cobalt had slightly lower efficiencies than the
nickel baths. At the same time, as expected, because the deposition
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Fig. 5. Chronoamperometric transients of the CoNi deposition on Si/Ti/Au at different applied potentials from (a) plating bath 3 (magnetic stirring started at 150 s)

150 s, and (b) plating bath 4 (magnetic stirring started at 250 s).



E. Gomez et al

Table 2
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Atomic cobalt content and cuirent efficiency of electrodeposited films prepared at different potentials using the four plating baths on vitreous glassy carbon and Si/Ti/

Au electrodes.

Plating bath 1 Plating bath 2

Plating bath 3 Plating bath 4

7Co10Ni 10Co7Ni 14Co3Ni 3Col4Ni
Vitreous -1.03V -0.98V -1.10V -1.03V
carbon EDS (at. Co ICP (at. Co CE / EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE / EDS (at. Co ICP (at. Co CE/
%) %) % %) %) % %) %) % %) %) %
49 50.2 85 56 56.8 90 86 85.8 85 18 18.2 80
-1.04V -1.01v -1.18V -1.06 V
EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE/
%) %) % %) %) % %) %) % %) %) %
47 48.1 82 62 60.8 86 86 86.1 78 20 19.5 76
-1.05V -1.04V -1.30V -1.09V
EDS (at. Co ICP (at. Co CE / EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE / EDS (at. Co ICP (at. Co CE/
%) %) % %) %) % %) %) % %) %) %
45 47.1 80 55 56.7 80 86 86.7 60 20 20.8 70
-1.07 V -1.07 V -1.18V
EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE/
%) %) % %) %) % %) %) %
44 45.6 75 61 62.1 77 21 22.1 58
-1.10V
EDS (at. Co ICP (at. Co CE/
%) %) %
61 62.1 73
Si/Ti/Au -1.02V -1.02V -0.50V
EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE / EDS (at. Co ICP (at. Co CE/
%) %) % %) %) % %) %) %
56 56.4 85 86 83.8 85 8 8.6 84
-1.04V -1.03V -0.93V
EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE/ EDS (at. Co ICP (at. Co CE/
%) %) % %) %) Y% %) %) %
66 66.6 78 86 83.8 80 11 11.8 80
-1.06 V -1.05V -0.95V
EDS (at. Co  ICP (at. Co  CE/ EDS (at. Co  ICP (at. Co  CE/ EDS (at. Co  ICP (at. Co  CE/
%) %) % %) %) % %) %) %
65 64.7 77 85 84.2 73 13 14.2 80
-1.08V
EDS (at. Co ICP (at. Co CE/
%) %) %
29 26.2 70
-1.15V
EDS (at. Co  ICP(at.Co  CE/
%) %) %
23 23.7 63
-1.25V
EDS (at. Co ICP (at. Co CE/
%) %) %
23 23.8 55

potential was more negative, the efficiency was lower. Those two trends
were applicable to both types of substrates. Despite the higher conduc-
tivity of the Si/Ti/Au substrate, there was no quantifiable improvement
in the efficiency of the electrodeposition process. In all cases, deposits
with thicknesses between approximately 150 and 240 pm, depending on
the current efficiency, were obtained.

The Co-rich solution (bath 3 — 3Ni14Co) leads to deposits in which
the nickel percentage varies hardly with the applied potential. On the
other hand, more sensitive compositional changes occur by varying the
applied potential in the Ni-rich solution (bath 4 — 14Ni3Co): the cobalt
percentage in the deposit increases progressively as applied potential is
more negative. From the intermediate solutions the effect of the dimi-
nution of the applied potential (more negative values) follows, as
expected.

FE-SEM images of the deposits prepared on vitreous carbon (Fig. 6)
show that a similar surface morphology was obtained independently on
the selected potential range and electrolyte. Deposits are compact and
homogeneous, having thin platelets with a randomly distributed sharper
edges, oriented vertically to the surface, thereby appearing to be inter-
woven. The grains form a network structure with a needle morphology,
which appears to slightly reduce their size as the nickel content in the
deposit increases, i.e., a fact that is evident comparing Ni-rich and Co-
rich deposits obtained at moderate potentials. It is confirmed that in

the DES medium the needle morphology is attained even in deposits
with nonrelevant cobalt percentages, i.e., a fact that it is not attained in
an aqueous medium, in which the characteristic desert rose morphology
of the cobalt does not maintain at conditions via the majority nickel
content [19]. This characteristic morphology could be favored by the
slow-down growth rate favored by the higher viscosity of the medium.

The morphology observed for the deposits obtained on Si/Ti/Au
(Fig. 7a and b) follows similar characteristics of those of the previous
images of vitreous carbon; the morphology reveals the presence of clear
needles that confers a fluffy aspect, which is maintained even in the
deposits with low cobalt content. By contrast, deposits prepared with
baths with higher content of Co and Ni electroactive species presented a
similar architecture but with larger features and edges that approach to
a granular morphology (Fig. 7c and d). Importantly, in both vitreous
carbon (Fig. S3a) and Si/Ti/Au (Fig. S3b), applying more negative po-
tentials leads to deposits in which the images show morphologies whose
characteristics approximate more granular individual forms, i.e., mor-
phologies that support a needle growth but to a lesser extent, especially
in the Ni-rich baths.

Performance of the deposition process was also evaluated, analyzing
by XPS the composition of the prepared deposits throughout the deposit
profile. The expected components, cobalt and nickel, were verified along
with oxygen; gold was also used to verify the possible arrival in the seed
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Fig. 6. FE-SEM micrographs of electrodeposits prepared on glassy carbon using (a) plating bath 1 at -1.03 V, (b) plating bath 2 at -0.98 V, (c) plating bath 3 at

-—1.02 V, and (d) plating bath 4 at -1.06 V. Scale bar: 100 nm.

Fig. 7. FE-SEM micrographs of electrodeposits prepared on Si/Ti/Au using (a) plating bath 3 at -1.02 V, (b) plating bath 2 at -1.03 V, (c) plating bath 3 at -1.30 V,

and (d) plating bath 4 at -1.06 V. Scale bar: 100 nm.

layer. However, no gold was detected in any sample, which shows that
the charge involved was sufficient to achieve a sufficient number of
analyses without reaching the substrate.

XPS confirms that the sample prepared at the less negative potential
(Fig. 8a and c) is compositionally more homogeneous without signifi-
cant oxygen content inside the deposit; when prepared at a more
negative potential (Fig. 8b and d) the presence of oxygen was detected,
revealing that some oxide/hydroxide content is present in the sample
[45]. The last result appears to be in agreement with the voltammetric
results previously obtained, in which an unexpected behavior, i.e., the
diminution of the voltammetric oxidation current, was observed, thus
extending the scan to potential limits overcoming the negative voltam-
metric peak, i.e., a behavior that could be related to secondary reaction

(see Fig. 1a). Codeposition of the solvent on the CoNi freshly deposited
could promote the formation of oxygen species due to the electro-
catalytic character of the alloy, a reaction leading to oxides/hydroxylate
species that could be responsible when they are abundant in features
observed in the voltammetric curves and of the sudden current fall in the
j-t transients at the more negative applied potentials [34,35]. Similar
behavior was previously observed for the preparation of the nickel and
cobalt deposits [29,34,35] .

Related to the preparation, from the XPS analysis, it seems that the
selected procedure results are adequate to prepare homogeneous
compositionally deposits using moderate potentials, which provide
constancy in the composition of the metallic components. The deposit
prepared at the less negative potential shows a lower oxygen content
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Fig. 8. Atomic elemental concentration depth profile of electrodeposited CoNi films from plating bath 2 on Si/Ti/Au electrodes at (a) -1.01 V and (b) -1.15 V. Depth
XPS spectra profile of electrodeposited CoNi films from plating bath 2 on Si/Ti/Au electrodes at (¢) -1.01 V and (d) -1.15 V.

than that obtained at the more negative potential, suggesting that the
presence of oxides increases as the applied potential becomes more
negative.

X-ray diffraction was implemented to further confirm the XPS results
by investigating the crystal structure of the CoNi films. In Fig. 9 are
reported the X-ray diffraction partterns of the CoNi films deposited on Si/
Ti/Au electrodes from plating bath 3 — Co14Ni3 (green curve) and bath 4
— Co3Nil4 (purple curve). The most intense diffraction peaks are
attributed to cubic Au (38.4° and 82.2°) and cubic Ti (69.2°) of the Si/
Ti/Au substrate. Additional relevant peaks are visible in Fig. 9 (right)
and were assigned to hexagonal Co (41.7°, 44.8°, 47.5°, 61.7°, 84.6°,
and 76.2°) for the CoNi film deposited from plating bath 3, while only Ni
cubic phase (44.6°, 51.7°, and 76.3°) was detected in the CoNi film
deposited from plating bath 4. The crystal structure of CoNi films
therefore seems to be highly dependent on the amount of the Co and Ni

metallic species in the alloy. When the Co atomic percentage dominated
(i.e., 85 at.% Co), the CoNi films had a slightly distorted Co hexagonal
structure, as expected for a Co-rich CoNi solid solution. By contrast, a
slightly distorted Ni cubic crystal corresponding to a Ni-rich CoNi solid
solution was observed when the Co content was lower (i.e., 13 at.% Co),
as shown in Table 2 regarding plating bath 4 (i.e. —0.95 V). Other peaks
visible in the magnified X-ray diffractogram belong to the Si/Ti/Au
substrate. Therefore, the structural analysis not only confirms the for-
mation of the CoNi alloy in DES medium but it additionally enables to
distinguish between different crystal structures of Co and Ni in the alloy
depending on the synthesis parameters.

3.4. Tetracycline degradation

Once characterized the deposition process reveals that the CoNi alloy



E. Gomez et al.

14000 | (ii)
12000 -
= 10000 -
«
>, 8000 - JL
- - N
2 6000 (i)
(]
e
o
= 4000
2000 -
0 JL e
T T T
25 50 75
20/°

Electrochimica Acta 435 (2022) 141428

W JUL
b UL

JCPDS: 00-088-2326
Ni cubic I

JCPDS: 00-045-1027
Ni hexagonal

JCPDS: 01-071-4239
Co hexagonal I

25 50 75
20/°

Fig. 9. XRD patterns of electrodeposited CoNi films on Si/Ti/Au electrodes from plating bath 3 at -1.05 V (curve i) and plating bath 4 at -0.95 V (curve ii).

a

1.0
Co at 350°C
0.8- Ni at 350°C
Co at 250°C
<° 0.6 Ni at 250°C
E Co as prepared
Ni as prepared
0.4 SiITiAU
0.2 4
0.0 T T T T

0 10 20 30 40 50 60
t/ min

b

90+

Degradation /%

80-
1 2 3 4 5 6 7 8 9 10

Cycle
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Reusability of the Co-rich CoNi (350 °C) deposits in 10 consecutive cycles of 60 min.

could be compositionally tailored via applying different electrodeposi-
tion conditions; further, these deposits show relative high roughness
related mainly to the needled morphology observed, more or less pro-
nounced. In this work, a concept proof is proposed in order to evaluate
the suitability of the CoNi deposits obtained, in a new developing
application (thus far not tested) and recently proposed for transition
metal compounds. The proposal consists in the use of CoNi as an acti-
vation platform for promoting the formation of free radicals; in addition,
a reactive species, in advanced oxidation processes (AOPSs), could be
strategic actors for the final mineralization, to COy and H50, of organic
contaminants. The CoNi system was proposed due to observations that
these kinds of platforms containing more than one transition metal have
advantages compared with single metal oxides, e.g., improved stability
and activity [46-49].

To check the effectivity of CoNi alloy, two different compositions
were selected for the formation of sulphate radicals. In order to
discriminate the possible prevalent influence of one of the two compo-
nents, the effect of deposits with around 15% of minority metal was
investigated. Potassium peroxomonosulfate (PMS) was the source, via
scission of the peroxo bond, of sulphate radicals, one, joint with hy-
droxyl, due to its better performance on organic degradation as a result
of its strong oxidant power [46,50-53]. The pollutant selected to be

removed in the solution was antibiotic tetracycline [54].

For each CoNi alloy composition, three kinds of deposits were tested,
deposits “as prepared” and two more subjected to heat treatment. The
thermal treatments are used in order to promote the superficial oxides
formation, heating at 225 °C and 350 °C, during 2 h in the oven, in all
cases preceded by a heating ramp and followed by a controlled cooling
ranmp.

The degradation of the TC was studied by measuring the absorbance
as a function of time with a spectrophotometer (Fig. 10) and the degree
of mineralization was verified by measuring the TOC. Experiments of 60
min were considered, in which the TC model solution was 20 ppm at pH
= 6, i.e., a pH value selected according to conditions close to those of
real contaminated water. The concentration of PMS used in this evalu-
ation was set at 0.3 mM. Absorbance was measured at A =363 nm, which
corresponds to the maximum observed in the tetracycline aqueous
solution.

Fig. 10a shows the progressive diminution of the absorbance along
the experiment for the six different substrates used, evidencing that, to a
greater or lesser extent, all the substrates are capable of promoting the
formation of oxidizing species able to degrade the antibiotic, activation,
which was demonstrated in blank experiments and does not occur in
absence of the activator. The degradation and mineralization of TC using
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Table 3

Catalytic performance of CoNi electrodeposits.
Sample Degradation time Thermal treatment Degradation (10 min) / % Mineralization / %
TC solution 0 - - 0.0
Si/Ti/Au 60 - - 0.0
Co-rich 60 As prepared 42.8 72.3
Ni-rich 60 As prepared 31.1 43.6
Co-rich 60 225°C 62.2 93.0
Ni-rich 60 225°C 56.3 79.7
Co-rich 60 350 °C 73.4 96.7
Ni-rich 60 350 °C 78.1 91.2

nude Si/Ti/Au substrates as a PMS activator were negligible because the
absorbance of TC remained virtually constant over the course of 60 min.
Compared with the removal performance of the CoNi deposits, our re-
sults indicate that catalysts were more efficient when the deposits were
subjected to higher temperatures—that is, their activation improved at
higher temperatures in the thermal treatment. The degradation perfor-
mance triples its value using the heated deposit at 350 °C with respect to
the “as-prepared” deposit. It can also be shown that comparing between
deposits under the same thermal treatment, Co-rich substrates are
slightly more effective than Ni-rich ones. For a semi-quantitative eval-
uation, it is possible to compare the degradation values recorded at low
reaction times (e.g., after 10 min of degradation), conditions in which
the TC in solution is not zero. Degradation followed the same trend; the
higher the temperature of the heat treatment applied to the deposits, the
better the catalytic activity. At the same time, the catalytic activity of
Co-rich deposits was also always higher. Catalytic efficiency was also
evaluated by TOC in order to measure the organic carbon removed
during the TC degradation process. Table 3 summarizes the results.
Beyond that, Fig. 10b shows the reusability experiments of the Co-rich
CoNi (350 °C) deposits within 10 successive runs of PMS catalysis.
The degradation remained virtually constant (i.e., approx. 100%) after
10 consecutive runs, which indicates the favorable reusability potential
of the as-synthesized catalysts within successive runs of operation.

The results in Table 3 show that after 60 min of TC degradation, all
substrates are effective at mineralizing. Comparing the results for the
same Co/Ni ratio, it is clear that deposits treated at higher temperatures
mineralize more effectively. However, although from the degradation
behavior it seemed that the thermal treatment was the driving factor,
this is not entirely true for mineralization, since it seems clear that not
only the thermal treatment is important, but also the composition. These
preliminary results encourage a more complete study of these materials
as activators, taking advantage of the fact that the preparation method is
versatile, which allows designing the composition of the material on
demand and, where appropriate, enhancing the roughness of the
deposit.

4. Conclusions

In sum, the study involved systematically analyzing the process of
electrodepaosition of nanostructured CoNi alloyed films in a biocom-
patible DES. Depending on the parameters of synthesis, especially the
concentration of Ni and Co salts in the plating bath, homogeneous,
continuous, and needle-shaped deposits with randomly distributed
sharper edges were obtained. The grains formed a network structure
with an interwoven morphology, which became smaller as the Ni con-
tent in the deposit increased. The applied potential also influenced the
chemical nature of the deposits, for when the solvent co-reduced at more
negative potentials, oxygen species became incorporated into the de-
posits. Beyond that, the CoNi alloyed films presented two CoNi alloyed
crystal structures; whereas both Co and Ni had a hexagonal structure
amid high (85%) Co atomic content, a low amount of Co content (13 at.
%) promoted the formation of Ni cubic crystalline structures and
amorphous Co nanocrystalline structures. The parameters of electro-
synthesis, including bath composition, allowed the strict control of
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deposit morphology, elemental composition, and crystal structure and
size. CoNi’s nature as well as the surface morphology of the deposits
provided abundant exposed edges and sharp corners that facilitated the
rapid transport and migration of PMS and consequently guaranteed the
effective formation of highly reactive sulfate radicals. CoNi alloyed
films, especially after undergoing thermal treatment in the presence of
oxygen and, in turn, promoting the formation of oxo and hydroxo Co and
Ni species, thus emerge as a platform for activating PMS and conse-
quently mineralizing organic contaminants such as tetracycline. Alto-
gether, electrochemical media, electrosynthesis, and nanostructured
CoNi alloyed materials may be especially relevant for synthesizing more
effective catalysts for decontaminating water via PMS cartalysis.
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